INTRODUCTION
In recent years, the removal of steroidal oestrogens, which can cause endocrine disruption, has become an important topic in water treatment research (Ma et al., 2016; Grover et al., 2011) . 17α-Ethynylestradiol (EE2), the most common oestrogenic compound found in water, is generally used as an oestradiol alternative for the treatment of menopausal symptoms. EE2 has been detected in surface water, groundwater, and drinking water (Alvarez et al., 2013; Nie et al., 2014; Pérez and Escandar, 2014) . Even at low doses, EE2 in water can interfere with fetal sexual differentiation, cause genital cancer, and alter glucose metabolism (Aris et al., 2014; Karpova et al., 2007) . For all these reasons, the European Union has recently added EE2 to a new'watch list;of emerging aquatic pollutants included in the Water Framework Directive (EC, 2013) . Recently, environmental quality standards for EE2, promulgated as a part of the EU Water Framework Directive, have been set at 0.035 ng/L for EE2 (EC, 2015) . Several methods for the removal of steroidal oestrogens from water have been explored. Conventional water treatment processes such as coagulation, flocculation, sedimentation, and filtration are not effective for removing EE2 (Johnson et al., 2005; Kuch and Ballschmitter, 2001; Schenck et al., 2012) . Thus, the development of new methods for the efficient removal of this pollutant from water bodies is necessary.
Activated carbon, composed of amorphous carbon and varying amounts of ash, is commonly used as an adsorbent for the removal of micro-pollutants in the treatment of drinking water. It can effectively remove taste and odour (T&O), colour, chlorinated organic compounds, pesticides, natural organic matter, and synthetic organic compounds (Asenjo et al., 2011; Cook et al., 2001; Drikas et al., 2009; Hnatukova et al., 2011) . Activated carbon adsorption has been cited by the US Environmental Protection Agency as one of the best available environmental control technologies.
Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) are promising membrane techniques used to remove water pollutants (Loo et al., 2012) . However, only NF and RO can remove dissolved organic matter effectively. UF and MF are inefficient at removing dissolved organic matter, natural organic matter (NOM: e.g. lowmolecular-weight humic substances), and T&O alone. Therefore, the removal of these compounds is achieved by combining other conventional techniques, such as adsorption on powdered activated carbon (PAC), or by membranes specially provided with adsorptive characteristics (e.g. affinity membranes, hollowfiber membrane adsorbers) (Urmenyi et al., 2005; Yuriy, 2006) . PAC was found to be an effective adsorbent for removing EE2. ( Yoon et al., 2003) , but separating PAC efficiently from the treated effluent remains a technical challenge. In the PAC/ UF hybrid processes, membranes provide a physical barrier preventing the passage of PAC, thus ensuring rejection of the EE2 adsorbed on the PAC that otherwise would not be rejected by the membrane. The UF inlet pipeline and UF loop here serve as a reactor for mixing water and PAC, and for the adsorption of EE2. With PAC addition, low-pressure-driven and cost-effective UF may be employed to remove dissolved organic compounds.
Micro-pollutants and odour-causing compounds may be removed efficiently while maintaining good water quality by adjusting the PAC dosage during the process, thereby obtaining different feed water qualities. Several studies have already reported on the application of PAC/UF technology in water purification (Mozia and Tomaszewska, 2004; IvancevTumbas and Hobby, 2010; Song et al., 2009) . However, only a few studies have applied this technology to the removal of steroidal oestrogens.
The aim of this study was to determine the efficiency of EE2 removal from water by activated carbon adsorption and the combined PAC/UF technology, with a particular focus on the influences of different operating factors, such as the initial concentration of PAC, membrane filtration rate, and the presence of sodium dodecyl benzene sulfonate (SDBS) and NOM. The EE2 removal mechanism during a combination of the PAC/UF and UF processes was also investigated. The results of this study provide a basis for the removal and control of steroidal oestrogens in water.
METHODS PAC/UF experiments
A laboratory-scale apparatus (Fig. 1) For the PAC/UF process, a solution of PAC1# (a commercially available PAC used in the experiments) was prepared and mixed with the source water by continuously adding it to the pipe using a diaphragm pump.
The dead-end filtration mode was adopted. PAC/UF experiments were conducted at a pressure of 0.3 MPa and a filtration time of 30 min, with backwashing conducted every 30 min. For each filtration period, the average residence time of PAC was 15 min.
Under the assumption that the initial flux should be recovered, the backwashing duration was determined to be 120 s during the first backwashing procedure. Distilled water was used as the cleaning medium. At each designated sampling time, a 30 mL aliquot was collected for analysis.
In this study, the effect of several key operating parameters (i.e. initial EE2 concentration, membrane filtration rate (6-22 L min), PAC type, and dosage of PAC (0-10 mg/L), NOM (0-0.1558 cm-1), and SDBS (0-50 mg/L)) on EE2 removal was assessed. For UF treatment alone, the filtration rate was 15 L/min, except for the experiment investigating the effect of filtration rate. For the PAC/UF process, the filtration rate was 15 L/min, and dosage of PAC was 10 mg/L, except for the experiment investigating the effect of PAC dosage. Considering the analytical limit and UF (or PAC/UF process) removal efficiency, EE2 concentrations were higher than those generally found in drinking water. In our experiment, EE2 concentration was set as 70 μg/L (UF) and 250 μg/L (PAC/UF process), respectively.
The procedure and conditions were the same as described above. During the PAC/UF process, each experiment was undertaken in triplicate.
Activated carbon performance
Three commercial powdered activated carbons (PAC1#, PAC2#, and PAC3#) were purchased from Huaqing Activated Carbon Group Co., Ltd., (Shanxi,China). Table 1 gives the characteristics of the powdered activated carbons that were applied. We targeted EE2 (0-1 000 μg/L) as the material to be removed in the adsorption studies.
Prior to use, the activated carbon was soaked with deionized water, fast shocked, and then baked for 3 h at 105°C. The resulting PACs were made into a suspension with deionized water, to a final concentration of 5 g/L. The carbon paste was diluted into different concentrations in 500 mL conical flasks. The rate of oscillation was 160 times/min for 24 h.
Reagents and sample preparation
EE2 (chromatographically pure) and acetonitrile (HPLC grade) were obtained from Sigma (Sigma-Aldrich Corporation, St. Louis, MO, USA). All other chemicals were of analytical grade and used as received. The simulated EE2-contaminated water was prepared as follows. A quantity of EE2 was dissolved in 5 mL acetonitrile. Subsequently, the solution was diluted with distilled or tap water to the desired EE2 concentration. The quality indices of the experimental water are given in Table 2 .
Analytical method
High-performance liquid chromatography (LC-2010AHT: Shimadzu, Kyoto, Japan) was used to determine the concentration of the adsorbed EE2. The working conditions were as follows: column of shim-pack VP-ODS (150 × 4.6 mm i.d.), mobile phase of acetonitrile and water (50:50), flow rate of 0.8 mL/min, detection wavelength of 200 nm, and the column was maintained at 40°C.
The standard deviation, relative standard deviation, method detection limit,and reliable quantitation limit of EE2 were 0.20%, 2.07%, 0.63 μg/L, and 2.1 μg/L, respectively.
The removal efficiency of EE2 was determined using the following equations:
where: C inlet and C effluent indicate the inlet and effluent concentrations, respectively. Table 3 . Table 3 shows that the Freundlich adsorption isotherm model fitted the experimental data well, with PAC producing correlation coefficients of 0.8986 to 0.9050. Therefore, the Freundlich isotherm model was considered to represent the EE2 adsorption process of PAC well.
RESULTS AND DISCUSSION
The K f values in the Freundlich model describe the adsorption capacity of activated carbon. The larger the K f value, the greater the adsorption capacity per unit weight of carbon. The Freundlich constant, 1/n, reflects the affinity of the activated carbon and contaminants.
The K f values for PAC3# (coconut shell carbon) and PAC1# were all greater than 1 (8.88272 and 1.2463, respectively), while the K f value for PCA2# was 0.8274 (i.e. less than 1). These results indicated that PAC3# had the greatest adsorption capacity. The 1/n values of the Freundlich model varied only slightly, with values between 0.3184 and 0.6273, indicating that EE2 was readily adsorbed by the activated carbon.
Several studies have shown varying EDC/PHAC removal efficiencies using activated carbon in a variety of drinking water sources. The parameters of the Freundlich adsorption isotherm model for EE2 (K f : 1.25−2.08, 1/n: 0.327−1.760) were observed by Joseph et al. (2013) . PAC was found to be an effective adsorbent for removing BPA and EE2; degrees of removal were in the range of 34-99%. The varying EDC/PHAC removal efficiencies using activated carbon depend on the type of PAC and the presence of natural organic matter in the source water, surface area, pore structure, and thermostability (Yoon et al., 2003) . 
PAC/UF treatment

Effect of initial EE2 concentration on UF treatment alone
The effect of the different EE2 initial concentrations on UF treatment alone is shown in Fig. 2 . As shown in Fig. 2 , the UF process alone achieved an EE2 removal of 5.93-6.03%, and no obvious difference in EE2 removal between experiments was observed. This result indicates that the removal of EE2 by UF is negligible. Yoon et al. (2007) studied the removal of EDCs (including E1, E2, E3, and EE2), and pharmaceuticals and personal care products (PPCPs) from water using UF membranes and showed 
Effect of the initial concentration of EE2 on its removal efficiency by UF treatment alone (conditions: filtration rate = 15 L/min)
that the UF membrane retained hydrophobic EDC/PPCPs due mainly to hydrophobic adsorption. This study has confirmed that UF was not efficient at removing EE2. In addition, the initial concentration of EE2 did not significantly affect its removal during direct filtration because the UF membrane MWCO was relatively large and cannot reject EE2 effectively. The 5-6% EE2 removal rate was mainly attributed to the initial adsorption on the UF membrane.
The effect of membrane filtration rate on EE2 removal
The effect of different filtration rates on on UF treatment alone is shown in Fig. 3 .
At filtration rates of 6, 10, 12, and 15 L/min, the removal rates of EE2 were 5.94%, 5.63%, 5.61%, and 6.04%, respectively. The EE2 removal efficiencies were not significantly different from each other, indicating that the membrane filtration rate did not have a significant effect on EE2 removal.
Effect of the addition of PAC on EE2 removal
The removal of EE2 using UF alone was poor. Preliminary experiments indicated that PAC had a satisfactory adsorption performance and that the UF membrane can retain PAC, thus producing a solid-liquid separation system. Therefore, the PAC and UF membrane processes may be combined to remove EE2 more effectively from water. Figure 4 shows the effect of PAC dosage on EE2 removal by a combined UF and PAC process. 
Figure 4 Effect of PAC dosage on the removal efficiency of EE2 (conditions:
[
EE2 removal efficiency increased from about 7.01% without PAC to around 25.53% when 2.5 mg/L of PAC was used, and increased again to 59.21%, 68.15%, and 80.03% when 5.0, 7.5, and 10 mg/L, respectively, of PAC was added. It was found that the combination of UF and adsorption on PAC was more effective for EE2 removal than UF alone. PAC addition enhanced EE2 removal at the concentrations tested. This result was to be expected as an increase in the PAC dose applied would lead to more sites being available to adsorb EE2. The EE2 removal was mainly attributed to PAC adsorption during the PAC/UF process. EE2 removal efficiency increased significantly with increasing PAC dosage. The fit of the regression line between EE2 removal and PAC dosage is shown in Fig. 5 . It can be seen from the figure that EE2 removal was positively correlated with PAC dosage. These results are similar to the results obtained by Lee et al. (Lee et al., 2009 ); i.e., EE2 removal efficiency increased with increasing PAC dosage. The removal efficiency can be controlled by varying the PAC dosage according to the EE2 concentration, so that the desired quality of the treated water can be maintained.
Effect of NOM on EE2 removal
Natural water is a complex matrix that contains large amounts of NOM, such as polysaccharides, proteins, and humic substances. The presence of these compounds is likely to have an effect on EE2 removal. An amount of humic acid (10 mg/L) was added to distilled water to simulate NOM. UV 254 was used as an indicator of the NOM content of water.
The effect of NOM on EE2 removal was determined by varying the NOM concentration (Fig. 6) . When the absorption values at 254 nm were 0, 0.0137, 0.058, 0.14, and 0.1558 cm -1
, the EE2 removal rates achieved using the combined PAC/UF process were 86.77, 82.81, 86.17, 85.5, and 84.42%, respectively. The presence of NOM can decrease the EE2 removal efficiency, although the decrease can be negligible. NOM exhibits good physiological activity, adsorption functionality, and complexation ability. It can adsorb soluble organic matter and heavy metal ion contaminants in water (Hutaf et al., 2004) . However, NOM can enter PAC apertures. It can block the pore channels of the activated carbon, thereby hindering the removal of contaminants by adsorption. EE2 adsorption on the activated carbon decreased significantly when the NOM concentration increased in our earlier experiment, but no significant decrease in EE2 removal was observed in the combined PAC/UF process. This may be attributed to the possible adsorption of EE2 by the NOM retained on the UF surface. The positive effect of NOM in accelerating the adsorption process was greater than its negative blocking effect. Therefore, the addition of NOM had only a slight effect on EE2 removal.
Effect of SDBS on EE2 removal
SDBS is an important environmental pollutant found in surface water. In this study, SDBS was selected as a typical representative contaminant, and its influence on the PAC/UF was determined at different concentrations (Fig. 7) . The EE2 removal rates in the combined PAC/UF process decreased from 86.77% to 42.64% as the concentration of SDBS increased from 0 to 50 mg/L. Therefore, the removal efficiency of EE2 was greatly reduced with an increase in the SDBS concentration in the combined PAC/UF process. SDBS can be easily and rapidly adsorbed by PAC. It was found that the removal efficiency of SDBS reached 42.4% after 5 min of contact (Rivera-Utrilla et al., 2006) , which indicated that SDBS did compete with EE2 for adsorption sites. The reduction in the EE2 removal rate may be due to adsorption sites being mainly occupied by SDBS, thereby reducing the adsorption capacity of PAC for EE2.
CONCLUSION
The removal of EE2 by adsorption and a PAC/UF hybrid process was investigated. The results indicated that EE2 was readily removed by PAC and a combined PAC/UF process. A removal efficiency of greater than 80% was achieved by the PAC/ UF process for a PAC dosage of 10 mg/L. In the UF process, conducted without the addition of PAC, only 5% of EE2 was eliminated.
The removal efficiency of EE2 was found to be affected by the PAC dosage, and the SDBS and NOM content. SDBS and NOM decreased EE2 removal in the hybrid process. The presence of other compounds besides SDBS can also significantly reduce EE2 removal efficiency; therefore, the impact of the presence of other relevant micropollutants should be further addressed. Because PAC/UF does not generate intermediate breakdown products that exhibit oestrogenic activity, it is a promising technology for removing oestrogens from water. Further work is required to explore the effect of PAC additions on flux and permeate quality, and to determine the cleaning strategy for the PAC/UF process.
